1. Introduction {#sec1-polymers-12-01802}
===============

Ester compounds have their own characteristic fragrances according to their type, which are similar to those found in nature, and are often used as artificial fragrance in various products such as cosmetics, perfumes, and spices \[[@B1-polymers-12-01802]\]. Of these, octyl formate is a colorless liquid with a strong rose- or orange-like flavor, often used in the perfume industry. The World Health Organization has previously reported that using octyl formate as a flavoring agent is acceptable, approving its use in the food industry \[[@B2-polymers-12-01802]\]. The food flavor market was evaluated at \$13.31 billion in 2018 and is predicted to increase up to \$19.72 billion by 2026, as the demand for various traditional and natural flavorings increases \[[@B3-polymers-12-01802]\]. Therefore, the demand for octyl formate is also expected to continue to grow along with the upward predicted trend of the world flavor market.

Formate esters are mostly obtained by the reaction of formic acid with alcohol, to which it is common to add a chemical catalyst \[[@B4-polymers-12-01802]\]. The cost of such chemical catalyst is low; however, the high temperature and pressure conditions that must be maintained throughout the reaction and purification process are associated with high costs. This is because of unnecessary byproduct generation, which pollutes the environment, while consuming a large amount of energy. Extraction of flavor esters from biological materials is often neglected due to their low yield. Nevertheless, production of flavor esters using chemical processes is not ecologically friendly and is toxic to humans. Past studies have used the biocatalytic process to produce flavors from natural sources instead of chemical methods. These processes, performed by ambient optical conditions, can selectively produce high purity flavors and employ optimized techniques that allow biocatalyst reusability to reduce the associated costs \[[@B4-polymers-12-01802],[@B5-polymers-12-01802],[@B6-polymers-12-01802]\].

Biologically active enzymes are more costly than chemical catalysts, but they have the advantage of being environmentally friendly. They can lead to energy savings by reacting at lower temperature and pressure conditions while reducing residue formation \[[@B7-polymers-12-01802],[@B8-polymers-12-01802]\]. Enzymatic-mediated production of flavor esters is an attractive process that allows to optimize several reaction factors such as concentration of reactants, reaction time, temperature, and activity of the immobilized enzyme \[[@B4-polymers-12-01802],[@B9-polymers-12-01802],[@B10-polymers-12-01802]\]. In addition, when the immobilized enzyme is used, costs can be reduced by easy separation of the product and enzyme. Furthermore, awareness of environmental problems has increased, and environment-friendly processes have attracted attention because of regulations.

Lipase has been successfully used as a biocatalyst in the transesterification with organic solvents to produce flavor esters phenethyl formate \[[@B4-polymers-12-01802]\], isoamyl acetate \[[@B11-polymers-12-01802],[@B12-polymers-12-01802]\], isoamyl butyrate \[[@B13-polymers-12-01802]\], geranyl acetate \[[@B14-polymers-12-01802]\], citronellyl acetate \[[@B15-polymers-12-01802]\], octyl acetate \[[@B16-polymers-12-01802]\], and methyl butyrate \[[@B17-polymers-12-01802]\]. Lipases can be isolated from animals, plants, and recombinant microorganisms, and are important enzymes in the food, surfactant, and pharmaceutical industries. Several researchers have explored lipase immobilization and mediated esterification under solvent-free processes for the synthesis of flavors (methyl butyrate, octyl acetate, among others) without the need of enzyme separation and solvent toxicity reduction \[[@B11-polymers-12-01802],[@B18-polymers-12-01802],[@B19-polymers-12-01802]\].

A previous report described the use of immobilized *Candida antarctica* and porcine pancreatic lipases for the production of butyl acetate (pineapple flavor), ethyl valerate (green apple flavor), and isoamyl acetate (banana flavor) in n-hexane \[[@B20-polymers-12-01802]\]. Herein, we explored the potential use of commercial immobilized lipases (Novozym 435, Lipozyme RM IM, and Lipozyme TL IM) for the enzymatic synthesis of octyl formate. In addition, lipase concentration, molar ratio of reactants, reaction temperature, and type of solvent were optimized, and the method of one factor at a time (OFAT) was applied to confirm the influence of each parameter. Reusability of immobilized lipase was also investigated to reduce the production costs of octyl formate.

2. Materials and Methods {#sec2-polymers-12-01802}
========================

2.1. Reagents {#sec2dot1-polymers-12-01802}
-------------

In this study, the immobilized lipases used were Novozym 435 (*Candida antarctica* lipase B immobilized on an acrylic resin), Lipozyme RM IM (*Rhizomucor miehei* lipase immobilized on an anionic resin), and Lipozyme TL IM (*Themomyces lanuginose* lipase immobilized on silica gel). All enzymes were purchased from Novozymes (Bagsvaerd, Denmark). The solvent reactants used were acetonitrile (99.5%), toluene (99.5%), and n-hexane (96%) purchased from Junsei (Tokyo, Japan), as well as acetone (99.5%), tetrahydrofuran (THF), 1,2-dichloroethane (99%), cyclohexane (99.5%), n-heptane (98%), and iso-octane (98%) purchased from Dae-jung (Gyunggido, Korea).

2.2. Methodology {#sec2dot2-polymers-12-01802}
----------------

[Figure 1](#polymers-12-01802-f001){ref-type="fig"} shows the lipase-catalyzed reactions. The active site of lipase, serine hydroxyl group (E-OH), first reacts with the carboxylic acid or ester to form an acyl-enzyme complex. Afterwards, it reacts with nucleophiles such as alcohol and water \[[@B18-polymers-12-01802]\]. Here, the type of immobilized enzyme, the enzyme concentration, the molar ratio of reactants, the reaction temperature, and the type of solvent were selected as the parameters affecting the octyl formate conversion. These variables were selected based on a previous literature review \[[@B11-polymers-12-01802],[@B12-polymers-12-01802],[@B13-polymers-12-01802],[@B14-polymers-12-01802],[@B15-polymers-12-01802],[@B16-polymers-12-01802],[@B17-polymers-12-01802]\] and experiments were conducted by the OFAT method to find the optimal conditions. All experiments were performed twice.

2.3. Sample Preparation {#sec2dot3-polymers-12-01802}
-----------------------

Formic acid (100 mM) and octanol (100 mM) were each diluted in a selected solvent. The type of solvent was selected based on their hydrophobicity (referring to the log P): acetonitrile (−0.33), acetone (−0.16), THF (0.49), 1,2-dichloroethane (1.48), toluene (2.68), cyclohexane (3.40), n-hexane (3.76), n-heptane (4.27), and iso-octane (4.37). Diluted formic acid and octanol were mixed in a 1:1 ratio (*v*/*v*) and transferred to a serum bottle, with a final concentration of each substrate of 50 mM. Increasing concentrations of the different enzymes (5, 10, 15, 20, 25, and 30 g/L) were placed in the serum bottles, closed with a butyl injection stopper with cap headspace, and then punched. A shaking incubator (JEIO TECH.CO., LTD, Daejeon, Korea) was used for the catalytic reaction at a controlled temperature (20, 30, 40, or 50 °C), with an agitation of 150 rpm for 1 h, before sampling.

2.4. Enzyme Reuse {#sec2dot4-polymers-12-01802}
-----------------

Each reaction per one cycle was carried out for 1 h under the defined optimal conditions---15 g/L of Novozym 435, 1:7 reactants molar ratio, reaction temperature of 40 °C, and 1,2-dichloroethane as solvent. After 1 cycle, the solution and the enzyme were separated using filter paper. The separated enzyme was washed with n-hexane and dried in a vacuum desiccator with silica gel for 1 h. It was then reused in the reaction up to a total of 10 cycles.

2.5. Sample Analysis {#sec2dot5-polymers-12-01802}
--------------------

Analysis was performed by extracting 1 mL from each serum bottle and filtering the sample through a syringe filter (0.20 μm polytetrafluoroethylene (PTFE) membrane; Advantec Co., Tokyo, Japan) and storing it in a gas chromatography (GC) vial. The filtered samples were analyzed using the Agilent 7890A GC system (Agilent Technologies, Wilmington, DE, USA). The column used was an HP-INNOWax column (length 30 m, inner diameter 0.25 mm, film thickness 0.25 μm; Agilent Technologies, Wilmington, DE, USA) and the carrier gas was nitrogen. The oven was maintained at 80 °C for 1 min and then raised by 10 °C/minute up to 230 °C that was maintained for 3 min. Thereafter, the temperature was increased by 20 °C for 1 min and maintained at 250 °C for 1 min.

3. Results and Discussion {#sec3-polymers-12-01802}
=========================

3.1. Effects of Experimental Variables on Enzymatic Synthesis of Octyl Formate {#sec3dot1-polymers-12-01802}
------------------------------------------------------------------------------

### 3.1.1. Enzyme Selection {#sec3dot1dot1-polymers-12-01802}

The conversion of the immobilized enzyme, which was expected to have the greatest influence on the octyl formate conversion, was assessed using three commercially available immobilized enzymes---Novozym 435, Lipozyme RM IM, and Lipozyme TL IM. Initial conditions were set at 5 g/L, formic acid and octanol 1:1 ratio, 30 °C, with n-hexane as solvent. Novozym 435 showed a conversion of 33.23%, whereas Lipozyme RM IM and Lipozyme TL IM had almost equivalent low conversion of 1.28% and 2.09%, respectively ([Figure 2](#polymers-12-01802-f002){ref-type="fig"}), indicating that they were not suitable for converting octyl formate. Therefore, Novozym 435 was selected as the optimal enzyme for its good catalytic activity and was used in subsequent experiments ([Table 1](#polymers-12-01802-t001){ref-type="table"}). Likewise, a previous report showed the Novozym 435, subjected to the derivatives of camelia oil, was significantly effective for the alcoholysis of camelia oil \[[@B21-polymers-12-01802]\].

The catalyst used was deterministic for the rate of certain reactions due to the selectivity to the reactants. Among catalysts, enzymes have a high selectivity for reactants and this is referred to as the substrate specificity of the enzyme. Substrate specificity affects the rate of the reaction by reducing the potential energy barrier of the reactants. [Table 1](#polymers-12-01802-t001){ref-type="table"} shows that Novozym 435 is a non-selective lipase with high substrate specificity for esters and alcohols, whereas Lipozyme RM IM and Lipozyme TL IM, which are 1,3-position selective lipases, have substrate specificity to esters, making them more favorable for the esterification reaction. However, these commercial immobilized enzymes had distinctive activities and characteristics, and the Novozym 435 had significantly higher activity and broader substrate specificity, leading to higher conversion.

Novozym 435 has good catalytic activity on the transesterification reaction; however, it is important to control the additive amounts as this enzyme is expensive (2500 \$/kg) \[[@B24-polymers-12-01802]\], which could have a significant impact to the industrial process.

### 3.1.2. Enzyme Concentration {#sec3dot1dot2-polymers-12-01802}

After identifying Novozym 435 as the optimal enzyme for the synthesis of octyl formate, we assessed the impact of different concentrations of the enzyme ([Figure 3](#polymers-12-01802-f003){ref-type="fig"}). At the initial 5 g/L enzyme concentration, the conversion was 33.23%, which increased to 65.64% with 10 g/L of enzyme, with 15 g/L of enzyme showing the highest conversion of 70.55%. The conversion decreased slightly at 20 g/L of enzyme to 65.49%, and furthermore at 25 and 30 g/L of enzyme. In accordance with our results, previous studies reported an increase in the conversion as the concentration of the lipase increased in the range of 10 to 30 mg/mL, followed by a reduction of the conversion as the concentration of the enzyme was further increased \[[@B25-polymers-12-01802]\].

According to the Michaelis--Menten equation, the maximum constant reaction rate is determined by the initial enzyme concentration. As the enzyme concentration increases, the initial reaction rate increases rapidly, as well as the conversion. However, when the enzyme is in excess, a problem arises in the diffusion of the substrate \[[@B25-polymers-12-01802],[@B26-polymers-12-01802]\], leading to a reduction in the conversion of octyl formate. This occurs due to the limited internal and external mass transfer associated with high enzyme loading \[[@B4-polymers-12-01802],[@B7-polymers-12-01802],[@B26-polymers-12-01802],[@B27-polymers-12-01802]\]. The non-contributing behavior of excessive immobilized enzyme towards higher molar conversion, and associated reduced product yield, was also reported in the production of amyl isobutyrate \[[@B28-polymers-12-01802]\] and citronellyl acetate \[[@B15-polymers-12-01802]\]. Among all variables, the amount of immobilized enzyme had the greatest effect on attaining higher molar conversions. Therefore, the optimal enzyme concentration is key. For octyl formate production, the optimal concentration of Novozym 435 is 15 g/L, which we used in the following experiments.

### 3.1.3. Molar Ratio of Reactants {#sec3dot1dot3-polymers-12-01802}

[Figure 4](#polymers-12-01802-f004){ref-type="fig"} depicts the impact of different molar ratios of formic acid to octanol on the conversion of octyl formate. The 1:1 molar ratio was associated with a conversion of 70.55%, while at molar ratios of 1:3, 1:5, and 1:7 were 76.17%, 76.07%, and 80.71%, respectively. The 1:9 and 1:11 molar ratios showed a slight decrease in the conversion with 78.60% and 76.40%, respectively. According to the lipase mechanism of action, formic acid first reacts with the lipase to produce an enzyme substrate complex, with which the alcohol reacts to generate an ester. When the alcohol is insufficient, only the enzyme substrate complex is formed but not the ester. In contrast, when alcohol is in excess, the alcohol reacts with the lipase first, and no ester is formed. Therefore, it is important to find the optimal molar ratio.

Herein, the highest conversion of octyl formate was found at the 1:7 formic acid to octanol ratio, and the subsequent experiments were conducted based on this result. Nevertheless, the conversion efficiency did not differ significantly as the amount of octanol increased. The esterification reaction is reversible and, when the presence of high water content, a hydrolysis reaction may instead occur, which can also be reversed \[[@B25-polymers-12-01802]\]. Concentration of alcohols are a factor preventing activity of lipases and short-chain alcohols can irreversibly inactivate lipases, therefore the alcohol added is key to regulating the conversions \[[@B29-polymers-12-01802]\].

### 3.1.4. Effect of Temperature {#sec3dot1dot4-polymers-12-01802}

The impact of the reaction temperature on the lipase-catalyzed esterification of octyl formate was evaluated, with the temperature being tested at 20, 30, 40 and 50 °C in the view of the boiling point of the solvent and the economics of the process ([Figure 5](#polymers-12-01802-f005){ref-type="fig"}). The conversions were 77.10%, 80.71%, 81.96%, and 78.71% at 20, 30, 40, and 50 °C, respectively. The highest conversion (81.96%) was at 40 °C, therefore is the optimum reaction temperature. However, only a slight variation (≈4%) between lowest and highest conversion was observed; thus, the reaction temperatures tested had a low impact on the enzymatic activity. In a previous study, a conversion of 82% of octyl acetate was reported at 30 °C using Novozym 435 within 90 min \[[@B16-polymers-12-01802]\]. To maintain high catalytic activity for a long time, mild reaction temperatures are recommended because Novozym 435 is a protein/enzyme that could be denatured at high temperatures \[[@B30-polymers-12-01802]\].

As the temperature rises at high substrate concentrations, the solubility increases, and the conversion may also increase. Novozym 435 is a heat-resistant enzyme and has been reported to withstand 99.8 °C. However, at this high temperature it is rapidly deactivated; thus, reactions at lower temperatures are preferable, with the optimum temperature for Novozym 435 here being set between 30--60 °C.

### 3.1.5. Variations in Solvent {#sec3dot1dot5-polymers-12-01802}

The conversions dependence on solvent selection was also examined for octyl formate production. The solvent was selected using the log P value, which is the partition coefficient between octanol and water, and is often used to define the hydrophilicity of the solvent and the enzyme activity in the hydrophobic environment. In a highly hydrophilic solvent, the enzyme activity is impaired due to loss of the necessary fine water layer present in the enzyme, whereas in a hydrophobic solvent the water produced by the reaction cannot be removed from the lipase, which will prevent the reaction between lipase and the substrate \[[@B31-polymers-12-01802],[@B32-polymers-12-01802],[@B33-polymers-12-01802],[@B34-polymers-12-01802]\]. Therefore, it is necessary to find a solvent having an appropriate log P.

[Figure 6](#polymers-12-01802-f006){ref-type="fig"} shows the conversions for the different solvents tested. The hydrophilic solvents acetonitrile, acetone, THF, and 1,2-dichloroethane showed a conversion of 11.75%, 9.95%, 15.71%, and 96.51%, respectively, whereas toluene, cyclohexane, n-hexane, n-heptane, and iso-octane showed a conversion of 94.63%, 82.42%, 81.96%, 81.44%, and 80.39%, respectively. Therefore, 1,2-dichloroethane, which showed the highest conversion, was selected the as optimal solvent.

3.2. Reusability of Selected Lipase for Synthesis of Octyl Formate {#sec3dot2-polymers-12-01802}
------------------------------------------------------------------

Enzymes are very expensive, which will impact in the overall synthesis process costs. Therefore, an enzyme that can be recycled multiple times is more desirable for both industrial and laboratorial purposes \[[@B4-polymers-12-01802],[@B6-polymers-12-01802]\]. To determine whether enzyme recycle could be applied to our reaction system, we performed the reusability experiment of the Novozym 435 under the defined optimal conditions.

A previous study reported that Novozym 435 expressed 30% higher activity than a new preparation, but the latter retained its higher degree activity during reuse \[[@B35-polymers-12-01802]\]. In this study, the experiment was conducted under the optimal conditions detailed in [Section 3.1.1](#sec3dot1dot1-polymers-12-01802){ref-type="sec"}, [Section 3.1.2](#sec3dot1dot2-polymers-12-01802){ref-type="sec"}, [Section 3.1.3](#sec3dot1dot3-polymers-12-01802){ref-type="sec"}, [Section 3.1.4](#sec3dot1dot4-polymers-12-01802){ref-type="sec"} and [Section 3.1.5](#sec3dot1dot5-polymers-12-01802){ref-type="sec"}, and the conversion was maintained at \~94.86% for 10 reactions ([Figure 7](#polymers-12-01802-f007){ref-type="fig"}). Another study showed that the enzyme maintained its activity at \~70% of the initial activity after 14 reactions, even upon undergoing washing with n-hexane and drying \[[@B36-polymers-12-01802]\], which is similar to the protocol we used. In addition, Novozym 435 assisted by toluene that was reused multiple times in esterification reactions showed to retain its activity with a conversion level maintained at a minimum value of 92% \[[@B4-polymers-12-01802]\].

Enzymes have the disadvantage of being more expensive than chemical catalysts. To overcome this problem, we conducted and confirmed that enzyme reuse is possible for octyl formate conversion. However, considering the economic efficiency, our results can only provide a guide for esterification reactions where esters can be purified using Novozym 435.

4. Conclusions {#sec4-polymers-12-01802}
==============

The synthesis of octyl formate using enzymes can be conducted under milder conditions than conventional chemical methods while inhibiting pollutant byproducts, thus contributing to environmental preservation. Here, a series of reaction condition optimization procedures were performed to establish the optimal reaction conditions for octyl formate synthesis. Novozym 435 at a concentration of 15 g/L was added and the molar ratio of formic acid to octanol was set to 1:7, while 1,2-dichloroethane was used as the solvent. The reaction was conducted at the optimal temperature of 40 °C and 150 rpm in a shaking incubator. In addition, economic efficiency was considered, by reusing the immobilized enzyme in the reaction. Since these results were based on limited experiments, further investigation is still required for industrial application. Nevertheless, our results can pave the way for the environmentally friendly synthesis of octyl formate.
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polymers-12-01802-t001_Table 1

###### 

Characteristics of commercial lipases \[[@B22-polymers-12-01802],[@B23-polymers-12-01802]\].

  Immobilized Enzyme   Support              Activity       Optimal Temp. (°C)   Specific Substrate    Regioselectivity
  -------------------- -------------------- -------------- -------------------- --------------------- ------------------
  Novozym 435          Lewatit vp oc 1600   10,000 PLU/g   30--60               Esters and alcohols   Nonspecific
  Lipozyme RM IM       Duolite ES 562       275 IUN/g      30--50               Esters                1,3-specific
  Lipozyme TL IM       Gel silicate         250 IUN/g      50--75               Esters                1,3-specific

LU---Lipase unit; PLU---Propyl laurate unit; IUN---Interesterification unit. 1 PLU is equal to 1 IUN.
